The application of functional genomics toward the investigation of complex medical conditions has moved from a futuristic dream to a medical reality in less then a decade. The ability to examine the expression level of thousands of genes simultaneously has opened the door for entirely new approaches toward experimental observation and discovery. The resulting data from these genomic studies is being collected at an unprecedented scale. This wealth of data can present its own obstacles in terms of analysis. However, as new and more powerful means of examining these experiments are developed, medical science is reaping significant benefit. The power of microarray gene expression analysis has been directed at a diverse and complex array of diseases. As will be discussed in this article, the investigation of pulmonary hypertension has already benefited greatly from the application of this technology.
As part of the second (Evian) and third (Venice) World Health Organization symposia on pulmonary arterial hypertension (PAH), experts from both clinical and basic science arenas recommended revision of the classification scheme for pulmonary hypertension (PH; Table 1 ) (1) (2) (3) . This scheme was designed to "individualize different categories sharing similarities in pathological mechanisms, clinical presentation and therapeutic options." The diseases that comprise PAH were stratified in a manner consistent with current understanding of the pathobiology, facilitating discussion and the enrollment in clinical trials. However, these changes simultaneously highlight our lack of understanding regarding the basic pathologic mechanisms underlying the development of PAH. For example, why do radically diverse conditions, such as systemic lupus erythematosus, anorexigen exposure, or HIV-1 infection, result in similar pathologic changes in the lung vasculature (4) (5) (6) (7) (8) ? Why does one individual with a connective tissue disease such as scleroderma develop pulmonary vascular disease while another develops pulmonary fibrosis (9) (10) (11) (12) ? Why do patients with PAH associated with congenital cardiac shunts have a better survival rate than patients with idiopathic PAH (IPAH)? (13) Clearly, the pathogenesis of PAH is complex, involving multiple modulating genes and environmental factors. Such complexity lends itself to the use of microarray technology, allowing the efficient and accurate simultaneous expression measurement of thousands of genes. Gene microarray technology has most successfully been used in the investigation of cancer, including hematologic malignancies, and in the classification of histologically indistinct tumor types with divergent natural histories (14) (15) (16) (17) (18) . The power of this technology has recently been directed toward the study of PAH.
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GENE EXPRESSION PROFILING IN PH
In the investigation of PH, gene microarrays have been used in a variety of study designs performed on a diverse array of cell types and animal species. Human studies have examined the gene expression profile of whole lung homogenates as well as individual cell types, such as smooth muscle cells (SMCs) isolated from the pulmonary arteries of patients and mononuclear cells isolated from peripheral blood (19, 20) . Animal microarray studies have been performed on both whole lung tissue and microdissected pulmonary vasculature of hypoxic and monocrotalineinduced PAH (21, 22) . In aggregate, these studies have used "hypothesis building" strategies, helping to focus attention on potentially novel pathologic pathways. However, gene expression has also been used as a biomarker, potentially useful in classification or identification of an individual's risk of disease (23) .
CHRONIC HYPOXIC PH
Both species and strain differences exist in the response of the lung circulation to chronic hypoxia. Mice, for example, have significantly less pulmonary vascular remodeling in response to hypoxia than do rats. In support of this observation, Hoshikawa and colleagues demonstrated that whole lung gene expression patterns of these two species differ significantly when exposed to hypoxia (21) . In this series of experiments, Sprague-Dawley rats and C57BL/6 mice were exposed to chronic hypobaric hypoxia for 1 and 3 wk. Although both species developed PH, microscopically the mice had significantly less pulmonary vascular remodeling than did the rats. Microarray analysis of the lung tissue demonstrated distinct differences in gene expression induced by hypoxia between the species. Hypoxic conditions in the rat increased expression of genes involved in endothelial cell proliferation and decreased those associated with apoptosis. The lung tissue from the rats showed a greater than sevenfold upregulated gene expression in both major histocompatibility antigen (MHC) class 2 antigens and osteopontin, whereas tissue expression of these genes in mice did not change. The phosphoinositide 3-kinase gene was greatly up-regulated (sixfold) in its expression in rat lungs but not in mouse lungs. This kinase regulates the expression of p21, enhancing G1/S transition in vascular SMCs (VSMCs) and insulin growth factor (IGF)-1-stimulated VSMC migration and proliferation. The gene expression pattern of the mouse lungs were notable for down-regulation of genes responsible for VSMC proliferation, such as IGF binding protein (24) .
More recently, Kwapiszewska and coworkers (22) have performed microarray experiments using hypoxic mouse models, furthering our understanding of hypoxia-induced PH. Several differences exist between the rodent models used by Kwapiszewska and colleagues and Hoshikawa and colleagues, including mouse strain differences, degree of hypoxia, and hypobaric versus normobaric hypoxia (21, 22) . Although pulmonary arterial pressures were not presented in this study, this model should induce increases in pulmonary artery pressures with a modest extent of vascular remodeling. Gene expression changes within the pulmonary arteries were measured by first using laser microdissection to isolate intrapulmonary arteries, thereby avoiding the dilution of the expected changes by the bulk lung (25) . By sharpening their focus in this manner, Fink and colleagues (25) were able to detect increases in 20 genes after 1 d of hypoxia, 75% of which were subsequently found to bear putative hypoxia-inducible factor-responsive elements within up-and downstream regulatory regions. These immediate changes in gene expression stand in contrast to those observed after 7 and 21 d of hypoxia, which include matrix-associated genes such as procollagens and matrix ␥-carboxyglutamate. This time-dependent change was further characterized through immunohistochemical staining of S100A4 and CD36, which were localized in VSMCs, and FKBP1a, which was localized in fibroblasts.
GENE EXPRESSION PATTERNS IN THE LUNGS FROM PATIENTS WITH SEVERE PH
Geraci and coworkers analyzed the gene expression profile of lung tissue obtained from six patients with IPAH (two with familial PAH [FPAH]) versus six normal control subjects (26) . The normal lung tissue was obtained during surgery and was free from pathology on histologic review. All the patients included in the IPAH cohort had severe PAH (Ppa Ͼ 50 mm Hg). Two of the patients with IPAH had been diagnosed with FPAH. Unsupervised cluster analysis demonstrated significant and reproducible differences in gene expression between patients with IPAH and normal control subjects. From a total of approximately 6,800 genes analyzed, 307 were differentially expressed between the cohorts. There was significant down-regulation of genes encoding for a variety of kinases and phosphatases, whereas several oncogenes and genes encoding ion channel proteins were upregulated. A highly intriguing finding was that the gene expression pattern of the lung tissue from patients with FPAH was distinct and distinguishable from the samples of non-FPAH patients. One of the IPAH samples clustered with the FPAH samples. This patient was adopted and her family history was unknown. It was hypothesized that she may have an unrecognized familial form of the disease. The bone morphogenic receptor-2 (BMPR2) status of these lung samples was unknown. The ability of the gene expression pattern to discriminate between IPAH lung tissue and lung tissue from patients without PAH is remarkable. Furthermore, the ability to distinguish between FPAH and IPAH by microarray analysis demonstrates the potential power of this approach.
One of the concordantly differentially expressed genes in the study by Geraci and coworkers was caveolin-1 (26) . This gene was decreased in its expression in IPAH when compared with normal lung tissue. Calveolin-1 is down-regulated in transformed cells and may be a tumor suppressor protein (27, 28) . Based on the microarray experiment results, immunohistochemical (IHC) analysis of lungs from patients with severe PAH was undertaken and a decrease in caveolin-1 expression in the plexiform lesions was noted (29) . There was no significant difference in calveolin-1 detected by Western blot analysis of PAH lung tissue compared with normal lung tissue. The authors hypothesized that the loss of protein detected by IHC was predominately in the plexiform lesions, with undiminished expression in the surrounding tissue; therefore, decreased total protein levels from calvolin-1 could not be detected by immunoblotting.
The study from Geraci and colleagues provided a wealth of data that require further investigation. For example, this study indicated increased expression of the gene encoding the antiapoptotic protein B-cell leukemia/lymphoma-2 (BCL-2). Indeed, IHC again confirmed overexpression of BCL-2 protein in the plexiform lesions from patients with IPAH (unpublished data, personal communication with N.F.V.). Zhang and colleagues have demonstrated that BMP-2 and BMP-7 induce apoptosis in cultured pulmonary artery SMCs (PASMCs) associated with a marked down-regulation of BCL-2 (30). When exposed to BMP-2 and BMP-7, PASMCs isolated from patients with IPAH had decreased apoptosis as compared with PASMCs from patients with other secondary causes of PAH.
MICROARRAY GENE EXPRESSION OF PERIPHERAL BLOOD MONOCYTES
Inflammation and autoimmunity are possible contributing factors in the development of PAH (31) (32) (33) (34) . We hypothesized that the gene expression of peripheral blood mononuclear cells (PBMCs) would be altered in patients with PAH as compared with normal control subjects. Furthermore, we hypothesized that PBMCs could serve as a readily available surrogate tissue in patients with PAH, and that the gene expression profile of these cells could act as a biomarker of disease. The gene expression of PBMCs from 15 patients with PAH (including IPAH and PAH associated with a variety of other conditions, such as celcinosis cutis, Raynaud's phenomenon, esophageal dysfunction, sclerodactyly, and telangectasias (CREST), portal hypertension, and thromboembolic disease) was compared with the PBMC gene expression of six normal control subjects. We identified a signature set of 106 genes that discriminated with high certainty (p р 0.002) between patients with PAH and normal control subjects. A subset of these genes was then validated by quantitative polymerase chain reaction both retrospectively on the initial group, and prospectively on a novel cohort of patients. The 106-gene signature identified genes previously recognized to be associated with PAH (e.g., adrenomedullin) as well as genes, such as endothelial cell growth factor-1 (ECGF-1), which may play a currently unrecognized role in the disease (35) . Notably, we were unable to identify a gene expression signature that discriminated between IPAH and PAH associated with other conditions such as scleroderma or thromboembolic disease by unsupervised analysis in this study. This inability may have been due to inadequate sample size or to the diverse nature of diseases included in the non-IPAH cohort (36) . A third possibility is that a unique expression profile for IPAH does not exist in peripheral blood cells; however, a supervised cluster analysis performed on these samples identified genes that may be differentially expressed between the groups. This strategy identified a list of 28 genes differentially expressed between IPAH and PAH associated with secondary conditions, such as CREST syndrome, thromboembolic disease, and portal hypertension (20) . One of these genes, herpesvirus entry mediator (HVEM), was retrospectively and prospectively confirmed by quantitative polymerase chain reaction. This study again represents two potential uses of microarray gene expression in PAH. These include the following: (1 ) a hypothesis-generating tool to identify previously unsuspected genes or pathways that contribute to disease and (2 ) use of gene expression as a biomarker of disease. If a gene expression pattern predictive of PAH could be identified, then "at risk" populations could be screened. Patients who are identified as being at high risk for disease could initiate therapy early in hopes of impacting the natural history of PAH. The strategy of gene expression as a biomarker has been successfully demonstrated in acute myeloid leukemia (17, 18) .
GENE EXPRESSION OF PASMCs
BMPs regulate cell proliferation and apoptosis. Mutations of BMPR2 have been associated with the development of severe PAH. As discussed above in the work of Zhang and Morrell and colleagues, SMCs isolated from patients with BMPR2 mutations and cultured in vitro behave very differently in response to exogenous BMP-2 than PASMCs from normal individuals (30, 37) . BMP-2 inhibits apoptosis and reduces proliferation in normal PASMCs while inducing proliferation in SMCs from patients with IPAH. Fantozzi and coworkers examined differences in gene expression of cultured human PASMCs from normal individuals versus patients with IPAH (38) . In this interesting study, PASMCs were isolated from two normal lungs and from two patients diagnosed with severe IPAH (PA mean Ͼ 50 mm Hg; BMPR2 status unknown). The cultured cells were incubated with 200 nM of BMP-2 in vitro for 24 h, and changes in gene expression were assessed by microarray analysis. BMP-2 treatment altered the expression of 6,206 genes. Of these, 1,063 genes were divergent in their expression in normal PASMCs compared with the PASMCs from patients with IPAH (i.e., increased in expression in cells from normal individuals and decreased in IPAH or decreased in cells from normal pulmonary arteries and increased in IPAH). These divergent genes were hypothesized to be relevant to the previously identified divergent phenotypic response of the cultured SMCs to BMP-2. Fantozzi and colleagues also attempted to correlate gene expression of the genes altered by BMP-2 exposure, either negatively or positively, with the pulmonary arterial pressure of the patients. Interestingly, several of these genes, such as caveolin-1 and voltage-gated Na ϩ and K ϩ channels, are consistent with those reported by Geraci and coworkers in the whole lung studies of patients with IPAH compared with normal control subjects (26) . Although the authors admit to the significant potential problems of interpreting data with such a very small sample size (two patients in each group), this study again demonstrates the power of this approach.
GENE EXPRESSION ANALYSIS OF THE RIGHT VENTRICLE
Buermanns and colleagues used spotted oligonucleotide arrays to examine the difference in gene expression between right ventricular (RV) failure and RV compensation in response to PH (39) . Compensated RV hypertrophy or uncompensated RV failure was induced in Wistar rats by varying the amount of monocrotaline administered. Monocrotaline is an established means of inducing pulmonary vascular disease, PAH, and RV failure (40) . The gene expression of the hypertrophied right ventricle was compared between these two groups (compensated vs. uncompensated) and to the RV gene expression of control animals. The ventricles "destined" to progress to failure showed activation of proapoptotic pathways, whereas the animals that developed compensated RV hypertrophy had significant up-regulation of mitogen-activated protein kinase (MAPK) phosphatase-1, presumably blocking the apoptotic pathway via p38-MAPK. Western analysis of phosphorylated p38-MAPK demonstrated marked activation in the compensated RV hypertrophied group only. The microarray expression profiles showed both quantitative and qualitative differences in gene expression, implying a fundamental shift in the balance of proapoptotic versus antiapoptotic signaling in the hypertrophic phenotypes studied. These observations serve to improve our understanding of the basic mechanisms behind RV failure as well as potentially providing new therapeutic targets for treatment of RV failure.
CONCLUSIONS
Gene microarray technology has successfully been used in the investigation of a diverse array of human diseases. The potential of high-throughput expression analysis to improve our understanding of the pathogenesis of PAH is clear from the studies presented in this review. However, it is equally as clear that we are early on in the use of microarray analysis toward the study this disease. Although many studies to date have used microarray analysis as a hypothesis-generating tool, this technology also has vast potential as means of identifying and quantifying biomarkers of disease. The oncologic literature has demonstrated the utility of gene microarray analysis to predict important outcomes such as response to therapy and survival (41, 42) . Although many of these studies have examined the gene expression of tissue biopsies, others have examined less invasive options, such as expression analysis of cells obtained from peripheral blood (43, 44) . It is likely that, in the near future, gene microarray analyses will also be used in a pharmacogenomics approach in PAH, helping to identify the most appropriate therapies for individual patients (45, 46) . These goals are ambitious, but certainly accomplishable. Such approaches will significantly increase our understanding of the pathobiology of PAH and aid in our struggle against this disabling and deadly disease.
